We describe a series of 20 patients with ununited fractures of the femoral neck following neglected trauma or failed primary internal fixation who were seen at a mean of 7.5 months (2 to 18) following injury. Open reduction and internal fixation of the fracture was performed in all patients, together with a myoperiosteal flap on the quadratus femoris muscle pedicle.
The concept of periosteal grafting is more than a century old. 1 The osteogenic potential of free periosteum may be controversial, [2] [3] [4] [5] but the vascularised periosteal flap has proved to have excellent osteogenic capacity [6] [7] [8] [9] [10] and has been used to prefabricate a vascularised bone graft in conjunction with a structural matrix and recombinant human bone morphogenetic protein-2 in a rat model. 11, 12 Vascularised bone grafting rotated on a muscle pedicle such as quadratus femoris, 13, 14 gluteus medius, 15, 16 tensor fascia lata or sartorius, 15, 17 is an established method of treatment. Similarly a periosteal flap rotated on a muscle pedicle should provide good osteogenesis, although this has not been generally applied. 18 The treatment of nonunion of a femoral neck fracture in a young patient is challenging. The problem may be compounded by concomitant osteonecrosis of the femoral head. [19] [20] [21] Whereas hemiarthroplasty or total hip replacement (THR) is the treatment of choice in older patients, it is undesirable in young adults because of concerns about subsequent revision. It is therefore preferable to salvage the femoral head in younger patients. The treatment of nonunion of the femoral neck includes valgus osteotomy [22] [23] [24] where shearing forces are converted into compression forces, non-vascularised bone grafting, 2, 25, 26 muscle pedicle bone grafting 13, 14 and vascularised bone grafting. 27, 28 This study aimed to explore the osteogenic potential of periosteal grafting in the treatment of this condition in younger patients.
Patients and Methods
We studied 20 patients with ununited fractures of the femoral neck treated between 1988 and 2005 with open reduction and internal fixation, combined with quadratus femoris myoperiosteal grafting. There were four female and 16 male patients with a mean age of 24 years (10 to 40). The mean interval between the injury and the reconstructive surgery was 7.5 months (2 to 18). A total of 18 patients presented with neglected trauma and two had previous internal fixation. An anteroposterior radiograph of the involved hip with the limb in 15˚ of internal rotation was obtained for all patients and assessed for various 'union at risk' signs which include a) osteonecrosis of the femoral head in the form of diffuse or localised osteolysis, sclerosis, cysts or flattening; b) severe overriding of the fracture ends, with the lesser trochanter lying at a level higher than the inferior articular surface of the femoral head and c) complete absorption of the femoral neck on either side of the fracture. A classification based on these risk signs for failure to unite was developed. Type 0 is nonunion with no 'at-risk' signs; type 1 is a nonunion with any one of the three 'at-risk' signs; type 2 has any two of the three 'at-risk' Trauma signs; and type 3 has all three 'at-risk' signs. Type 1 is subdivided into 1a, 1b and 1c, and type 2 is subdivided into 2ab, 2ac and 2bc correlating with the particular 'at-risk' signs seen. The details of the patients are shown in Table I . Varying degrees of absorption of the femoral neck were seen in all patients. In seven there were pre-operative radiological signs of osteonecrosis of the femoral head (Steinburg classification: 29 stage 2 in four patients and stage 3 in three). No MRI was available to substantiate the vascular status of the femoral head in the remaining patients. A total of 14 patients with more than 2 cm of true shortening of the limb had skeletal traction using 3 kg to 15 kg for three to five days pre-operatively in order to pull the greater trochanter down. In a further two patients aged 46 years and 48 years, respectively, it was not technically possible to elevate the periosteal flap because of its adherence to the bone, and therefore they were excluded from the study. Operative technique. The anaesthetised patient is placed prone on the fracture table and the hip exposed using a posterior approach. The gluteus maximus muscle is split in the direction of its fibres and the sciatic nerve located and avoided. The quadratus femoris muscle is identified and the periosteum at its insertion on the femur delineated and incised approximately 0.5 cm beyond its insertion. The periosteum is elevated using a sharp periosteal elevator. The other short external rotators are divided close to their insertion and the hip capsule opened through a T-shaped incision. The fracture site is exposed and all the interposed fibrous tissue excised. In the two patients with internal fixation, the existing implants were removed. In most patients it is not possible to achieve good appositional contact due to the irregular shape of the fragments and the associated absorption of the femoral neck. No attempt to improve contact between the fracture surfaces is made if it involves compromising the length of the femoral neck or the neckshaft angle. The distal fracture surface, which often is found to be sclerotic and smooth, is decorticated using a sharp osteotome and multiple drill holes. The fracture is aligned and fixed under direct vision using three Knowles pins (13 patients) or 6.5 mm cancellous screws (seven patients) inserted from the lateral femoral cortex below the greater trochanter. The quadratus femoris with the attached intact periosteum is now mobilised, rotated, brought over the fracture site posteriorly and stitched to the capsule and the surrounding tissues. The wound is closed in layers and the hip immobilised for approximately six weeks. Five patients treated early in the series were immobilised in a plaster hip spica and the remainder on a Thomas splint. Gentle hip exercises and non-weight-bearing mobilisation continued for a further six to eight weeks. Subsequently gradual progression from partial to full weight-bearing was advised, depending on clinical and radiological signs of fracture union. The patients were reviewed every six weeks until the fracture had united, then 
Results
The mean time to union of the fracture for all 20 patients was 4.9 months (2 to 10). This was confirmed clinically by the ability of the patient to bear full weight on the involved limb in the absence of pain, and on anteroposterior radiographs by complete obliteration of the fracture gap with or without sclerosis of the fracture margins. The mean follow-up was for 70 months (14 to 144). The mean Harris hip score (HHS) 30 at the last follow-up was 93 (75 to 100). None of the seven patients with preoperative osteonecrosis of the femoral head had deterio- rating symptoms or radiological signs suggesting progression of the osteonecrosis. One patient (case 8) with preoperative Steinberg stage III osteonecrosis of the femoral head, had sound union of the fracture and excellent revascularisation of the femoral head at three years ( Fig. 1 ) but had developed flattening of the femoral head and secondary osteoarthritis when seen after 12 years. He had no symptoms. One patient (case 9), with failed primary internal fixation (Fig. 2a) , had a radiologically normal femoral head at the time of the reconstructive surgery and united satisfactorily. However, he developed radiological signs of osteonecrosis in the form of increased density of the femoral head approximately eight months after operation (Fig. 2b) . This progressed for approximately one year (Fig. 2c) , and finally evolved into dense sclerosis involving the whole femoral head. The femoral head had not collapsed at the latest follow-up at ten years (Fig. 2d) . He was able to work as a waiter.
Reduction of the fracture held by two 6.5 mm cancellous screws was lost in one patient (case 5) with proximal migration of the greater trochanter. The fracture, however, united approximately five months post-operatively albeit with coxa vara. Manipulation under general anaesthesia was required approximately ten months after surgery to improve the range of movement of the hip.
One of the three Knowles pins broke in one patient.
Discussion
The incidence of nonunion following intracapsular fracture of the femoral neck in younger patients may be as high as 59%. 20 This is attributed to the high-energy trauma responsible for such injuries. These fractures are often markedly displaced and have a vertical fracture plane, predisposing them to nonunion and osteonecrosis. 21 It has been described as the unsolved fracture. 31 In the developing world patients with neglected trauma often present months or even years after injury. In this series only two patients had failed primary internal fixation of the fracture. Ununited fractures due to neglected trauma have their own characteristics, with rounding of the fracture fragments, absorption of the femoral neck and gross overriding of fracture ends resulting in severe shortening of the limb. There is also usually a longstanding contracture of the abductor muscles. It is generally desirable in such cases to apply skeletal traction preoperatively to stretch the contracted soft tissues and restore limb length.
The aim of treatment should be to achieve union with restoration of length of the femoral neck and preservation of vascularisation of the head. Abduction osteotomy not only further shortens the abductor lever arm of the absorbed femoral neck, but compromises any remaining vessels in the ligamentum teres and the joint capsule, thereby increasing the risk of avascular necrosis. 32, 33 The present technique, in an attempt not to further shorten the abductor lever arm, often conferred a relatively poor fixation to the fracture with little contact between the uncompressed fracture surfaces (Fig. 3) . Therefore all patients were immobilised with some external support for the limb after operation for varying periods. Despite such biomechanical disadvantages as the vertical alignment of the fracture in almost all patients, and the absence of the appositional and compression stability at the fracture surfaces, all patients obtained union with displacement at the fracture site only occurring in one patient after fixation. Such excellent results prove the osteogenic potential of the vascularised periosteal graft. Haemodynamic studies using positron emission tomography have shown that the femoral head is always in a hypovolaemic state compared with other osseous tissue. 34 Both the extra-and the intraosseous blood supplies of the femoral head are susceptible to injury in patients with a femoral neck fracture. Although the major intraosseous vessels are nearly always damaged, injury to the extraosseous vessels is proportional to the amount of displacement of the fracture. A dynamic MRI study in patients with Garden stages III and IV 33 fractures showed that almost all the femoral heads were partially or completely avascular. 35 Open reduction of a fracture of the femoral neck through a posterior approach has the disadvantage of possible damage to any remaining blood supply from the posterior retinacular vessels and the ascending branch of the medial circumflex femoral artery. However, a hypovolaemic femoral head with further compromise of its blood supply due to the displaced fracture of the femoral neck may not have much to lose in terms of its blood supply during an open reduction.
Free vascularised periosteal grafts have been used, with excellent results not only for treatment of femoral neck fractures, 10 but also for avascular necrosis of the femoral head, 36 avascular necrosis of the talus 7 and nonunion of the clavicle. 37 In our series the seven patients with pre-operative osteonecrosis of the femoral head showed no further progression, implying that the periosteal graft may augment the local blood supply, although one patient developed avascular necrosis radiologically, but without collapse at ten years.
Muscle pedicle bone grafting may provide live bone at the site of the comminution, 38 but its efficacy in promoting fracture union has not been found to be comparable with that of other techniques. 39 Free vascularised grafting, whether of bone or of the periosteum, requires an extended operating time and microvascular expertise, whereas the myoperiosteal flap is technically a much simpler procedure. The myoperiosteal flap has been shown to provide good bone formation for laryngotracheal reconstruction 18 but has not been used in orthopaedic practice.
Ollier 1 was the first to demonstrate bone formation in experimental animals using free periosteal grafting. The use of periosteum in clinical practice began in 1965, when Skoog 9 described a maxillary periosteal flap for palatal repair. Burstein and Canalis 40 established the reliability of bone formation in the vascularised periosteal flap. Osteoprogenitor cells appear by the seventh day and collagen fibre deposition and mineralisation by the ninth day after elevation of the flap. 6 As early as 72 hours after transposition, cellular and capillary proliferation and osteoid deposition have been identified. 41 Vascularised periosteum-hydroxyapatite composites have shown bone formation not only on the surface but also in pores of the hydroxyapatite composite at four weeks, further demonstrating its osteogenic capacity. 42 Varying degrees of absorption of the neck of the femur were seen in all patients. The exact mechanism causing posttraumatic bone loss in the femoral neck is not known. Many hypotheses have been proposed, including a reflex loss of neurovascular tone causing persistent vasodilatation, local change in pH; release of local cytokines or prostaglandins, or even direct mechanical action. [43] [44] [45] Post-traumatic absorption of the femoral neck has been reported to have a very rapid onset, with complete absorption of the neck occurring within less than a month. 46, 47 In the present series three patients had complete absorption of the femoral neck with injuries of six, 16 and 18 months' duration. However, as a result of the delayed presentation it is not known whether absorption was complete within the first month of the injury or progressed over a long period. It is interesting to note that two of the radiological signs of risk of nonunion 'a' and 'c', osteonecrosis of the femoral head and complete absorption of the femoral neck, respectively, were not found to co-exist in any of the patients in this series. This observation deserves further exploration.
This report suggests that the presence of osteonecrosis of the femoral head is not incompatible with a satisfactory clinical outcome following reconstructive surgery for ununited fractures of the neck of the femur. Any surgical procedure that facilitates union and is able to postpone replacement surgery for approximately a decade is a useful option for young patients in this situation.
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